Abstract: Postharvest fruit decay caused by Penicillium pathogens is considered to be one of the most important challenges in the pear industry resulting in market-end losses. Moving export fruit through different environments exposes the product to extensive handling, temperature variations and microbes. The profile of Penicillium spp. present in the pear export chain from South Africa to the United Kingdom was therefore studied over a four year period. Sampling was done at two packhouse facilities, controlled atmosphere and cold storage areas in South Africa and at two re-pack facilities and cold storages as well as a distribution centre and a retailer in the United Kingdom. Sampling consisted of swabbing walls and floors and using active and passive air sampling. In total 5 056 isolates were obtained, purified and grouped into a total of 282 morphological groups. Of these 350 representative isolates were selected for further identification. The five most dominant species in the pear chain were: P. glabrum (23.40%); P. chrysogenum (15.13%); P. crustosum (14.16%); P. brevicompactum (8.96%); P. expansum (8.39%), of which the latter three were confirmed pathogenic on pears. This study provides a framework to monitor the inoculum potential in environments that fruit move through while being exported.
Introduction
Fresh produce supply chains involve complex distribution systems, with fruit being moved over vast distances from the farm to the point of sales. Losses at the end of the chain impact negatively on the profitability of exports. Consequently, sanitation within indoor environments has become progressively more important to prevent buildup of inoculum levels and avoid decay development (Dallaire et al. 2006) . Complex fruit trade networks can potentially introduce a wider range of pathogens to the hosts that would otherwise not be encountered in shorter local chains (Louw & Korsten, 2014) . Large varieties of fruit from different countries can for example be retained together in storage or holding facilities for extended periods of time. Fresh produce can also be re-packed overseas to remove decaying fruit which could potentially contribute to the microbial load in indoor environments (Louw & Korsten, 2014) . In their paper they described pathogenicity trials with selected isolates (P. expansum, P. crustosum, P. solitum, P. digitatum and P. brevicompactum) obtained from this pear supply chain study. The environmental isolates were found to be pathogenic. This finding emphasizes the importance of effective management of postharvest pathogens in complex fruit trade distribution networks to reduce losses (Zhang et al. 2011) . Penicillium spp. are known as one of the major causes of postharvest decay of pear fruit (Mari et al. 2002; Mari et al. 2003) . Penicillium spp. are best known as pathogens causing green and blue mould of citrus (P. digitatum, P. italicum), blue mould on pears and apples (P. crustosum, P. expansum and P. solitum), decay of strawberries and pomegranate (P. glabrum) and rot of stored grapes and tomatoes (P. chrysogenum) (Pitt, 1991; Filtenborg et al. 1996; Amiri et al. 2005; Barkai-Golan, 2008; Varga et al. 2008; Bardas et al. 2009; Palou et al. 2010; Elhariry et al. 2011) . Species of this genus produce high numbers of asexual conidia and are commonly isolated from environments in fresh produce supply chains such as dump-tank water, in flume water, in contaminated wooden bins and in the atmosphere (Amiri & Bompeix, 2005) .
Detection and accurate identification of pathogens is one of the first steps in controlling plant diseases (Mansouri et al. 2013) . Identification of Penicillium spp. has always been considered difficult due to the diversity of the genus (Visagie, 2012) . However, recent technological developments in taxonomy and integrated approaches combining phylogenetic, morphological and molecular methods have enabled rapid and more accurate identification of Penicillium spp. (Visagie, 2012) . Little is known about Penicillium spp. and other pathogens present within the pome fruit supply chain that may cause decay at the market-end (Magan and Aldred, 2007) . The aim of this study was to identify Penicillium spp. present in the pear export chain environment i.e. packhouse facilities, controlled atmosphere and cold storage areas in South Africa, and repack facilities as well as distribution centres in the United Kingdom (UK) . The pear fruit fungal microbiota in the postharvest environment has since been described (Volschenk, 2016) .Materials and methods Sampling approach. . The environments from packhouses in South Africa through to the final retail destination on the export market were monitored by, following a consignment of pear fruit.
Local sampling included two central packhouses (packhouse 1 and 2) in the Western Cape.
Packhouse1 and 2 were respectively sampled in 2008/2009/2010 and 2010/2011 . At least three sampling trips were done per year (early, mid and late season) over a period of four years (2008) (2009) (2010) (2011) . Local areas sampled included crates coming from the farms; walls and floors of the packhouses, various areas of the pack lines and walls, floors and inside crates in controlled atmosphere (CA) and regular atmosphere (RA) cold storage environments.
Sampling of the export chain from SA to the UK was only conducted in 2010 (packhouse1) and 2011 (packhouse2). The walls, floors and air in an experimental container that was used to export the consignment of pears from SA to the UK were also sampled before and after shipment.
International sampling areas included two re-pack facilities (further referred to as re-pack1 and re-pack2), a distribution centre and a retailer. At least two RA cold storage facilities were sampled at each re-pack facility as well as various areas of the re-pack lines. Two areas where pears were unloaded and stored in the distribution center were also selected for sampling.
Storage and display areas were sampled within the retail facility. sampling (Legnani et al. 2004 ) was done by using between 10 to 30 swabs (depending on the size of the room) collected at random from walls and floors of packhouses, RA and CA cold storage facilities, experimental containers, international re-pack and cold storage facilities, distribution centres, retail storage and display areas. Crates containing or having previously contained pears were sampled (up to 30 swabs per farm), in cold storage facilities (at least 10 swabs per storage facility) and at the retail-end in the UK (at least 10 swabs). Five to ten swabs were used to sample various areas of a selected pear packline in SA and the UK. Packline areas sampled in SA included packbowls, brushes, conveyor belts, sorting tables, rebinfillers and packers" hands. Conveyor belts and packers" hands were sampled in UK re-pack facilities. In some instances (if present), waste bins were also sampled within the re-pack facilities.
Aerial environments were monitored through active and passive air sampling. Active air sampling was done by using an automated SAS Compact Surface Air System® (PBI International, Italy) collecting 100 litres of air deposited onto malt extract agar (MEA) (Merck, Biolab Diagnostics (Pty) Ltd, Johannesburg, South Africa). Passive air sampling was done using MEA plates exposed to the environment for an optimised 20 min. Between nine and twenty (depending on the size of the room), active and passive air sampling plates were also randomly collected at selected points in all the facilities where walls and floors were sampled as described previously. No active air sampling was conducted in 2009 due to technical difficulties with the automated air-sampler. Passive air was however only included during 2010 and 2011 export chain sampling. All swab and air samples were transported in cooler-boxes to reduce the effect of temperature fluctuations during transportation.
Shipment and sampling conditions. Standard export conditions are prescribed for the fruit industry and are regulated by PPECB, the South African export inspection body (PPECB, 2009 ).
In short: Atmospheric conditions used in CA storage are -0.5 to 1 ºC, 97% nitrogen (N), 1.5% oxygen (O 2 ) and 1.5% carbon dioxide (CO 2 ). For export purposes pears are either bagged (20 micron perforated polyethylene bags sold as 1.5 Kg packs) and then placed in single-layer display carton boxes (7 Kg) with standard ventilation holes; or can be individually wrapped in tissue paper and packed in multi-layer display carton boxes (12.5 Kg); or in bulk bins (350 Kg).
Packed pear bulk bins or boxes are exported on standard size (1 000 mm x 1 200 mm x 155 mm) wooden pallets. Pallets are shipped in standard 6-foot refrigerated containers with corrugated interior walls and a T-floor to facilitate air passage. Optimal recommended temperatures during export are -1 ºC to 0 ºC and a ventilation rate of 15 to 50 CMH. All commercial fresh produce exports are monitored by PPECB for temperature compliance from pre-loading containers to the final destination end-point on the export market (PPECB, 2009) . Shipment takes between 18 to 21 days. To confirm that standard prescribed export conditions were adhered to during this trial the average of at least two measurements of temperature and relative humidity within the various facilities were recorded during the second year of sampling. Sample processing and Penicillium isolation. All air sampling plates were incubated at 25 ºC for five days directly after sampling and transportation. Swab samples were processed promptly by aseptically placing the swab in nine ml Ringer"s solution (Merck). Swabs were then vortexed (Labotech, Johannesburg) for 30 s. A standard serial dilution was performed and spread plated onto MEA plates. Plates were incubated at 25 ºC for up to seven days and the number of total and morphologically distinctive Penicillium colonies were counted respectively and recorded.
Conidia of single, representative Penicillium spp. were isolated and purified on MEA plates for identification through standard microbiological methods (Johnston, 2008) .
Penicillium grouping, selection of representative isolates and preservation. To make handling and identification more manageable, Penicillium isolates were grouped according to similar cultural characteristics such as: colony size, -color, -texture and -formation; mycelia coloration and -formation; reverse plate coloration and the production of exudates as described in Johnston (2008) . A number was assigned to each group and representative isolates were chosen at random from each group. The number of representative isolates was dependent upon the size of the group. In total 350 representative isolates were obtained for further identification.
All representative isolates were preserved in duplicate for future referencing by sub-culturing in sterile water and through cryopreservation. Cultures are maintained in the fungal culture collection of the Department of Microbiology and Plant Pathology, University of Pretoria.
Penicillium identification.
Single spore isolations. Representative isolates were selected to make single spore isolations through dilution plating to obtain pure and genetically uniform isolates. A 10 ml spore suspension was made by aseptically placing approximately five to ten agar blocks in sterile water. Ten µl spore suspension were spread plated onto 90 mm 0.4% water agar (Bacteriological agar, Merck) plates. This process was done in triplicate for each representative isolate and the plates were incubated at 25 ºC for approximately three to 12 hours. After incubation the plates were examined under a stereomicroscope. Germinating single spores were inoculated onto 65 mm MEA plates by using the flat side of an inoculation needle. Inoculated MEA plates were incubated at 25 ºC for approximately seven to 10 days.
DNA extraction. The DNeasy® Plant Mini Kit from Qiagen (Southern Cross Biotechnology, Johannesburg) was used according to the manufacturer"s specifications for total DNA extraction from the mycelia and conidia of representative Penicillium isolates. Mechanical disruption of the cells were facilitated by using 0.5 g of 0.5 mm silica beads (Biospec Products Inc., Separations, Johannesburg). Cells were lysed by a FastPrep® Instrument FP 120 (Bio 101® Systems, France) at 4 m/s for 30 s. Following electrophoresis at 100 V, a 1% agarose gel (Whitehead Scientific, Johannesburg) stained with a 0.01% ethidium bromide was used to view total DNA extracts.
Extractions were viewed through ultraviolet illumination in an electrophoresis gel documentation system (VilberLourmat, OmniScience, Johannesburg).
Polymerase chain reaction.
A partial beta-tubulin (β-tubulin) gene region was amplified by using the Bt2a (5"-GGT AAC CAA ATC GGT GCT GCT TTC -3") and Bt2b (5"-ACC CTC AGT GTA GTG ACC CTT GGC -3") primers (Glass and Donaldson, 1995 Grouping and identification of Penicillium species. Penicillium isolates were purified and grouped into a total of 282 morphologically similar groups over a four year period. A total of 350 representative isolates were selected for further identification purposes. After PCR-RFLP analysis using Bfa1 and HaeIII restriction enzymes, 222 groups were obtained and one isolate of each group was selected for identity verification through sequencing. The Bt2a and Bt2b primers that were used amplify a 495 bp fragment from N. crassa (Glass & Donaldson, 1995 P. brevicompactum UK and SA Active air : at distribution centre, of RA cold storage facility at packhouse, of packing area of packhouse, of CA cold storage facility in packhouse Floors: of RA storage at packhouse, of distribution centre, of packing area in packhouse (2) Passive air: in retail display area, of CA cold storage facility at packhouse, of RA cold storage facility at Re-pack, at receival area of re-pack facility, Plastic crate/bins: in RA storage of packhouse, plastic display bins pear inside at retailer, Walls: of re-pack area at re-pack facility, of RA cold storage facility at Re-pack, of CA cold storage facility at packhouse, of retailer storage area, of receival area at re-pack facility, of packing area at packhouse, Waste bins (small): in re-pack facility, 0 -1.00E-107
98% -100%
KJ140294 -KJ140319, P. chermesinum UK Walls: RA cold storage facility of Re-pack, 7.00E-147 96% KJ140320 P. chrysogenum SA and UK Active air: of distribution centre, of CA cold storage of packhouse, Conveyor belt: of packline in packhouse, Floors: packing area of packhouse, of retailer display area, of RA cold storage at packhouse, of container sampled before packing for export, of packing area of packhouse, of RA cold storage at packhouse, of packing area in packhouse, Packbowl: on packline of packhouse, Packers' hands: of packhouse, Passive air: at distribution centre, of CA cold storage at packhouse, Plastic crate: on farm supplying to packhouse, crate of CA cold storage of packhouse Walls: of container after export, of retailer storage area (2), of receival area at re-pack facility, of RA 0 -1.00E-70 
80% -100%

KJ140321 -KJ140342
Discussion
This is the first study of its kind that provides an overview of the Penicillium population dynamics in the pear export chain environments. This study therefore provides an indication of high Penicillium inoculum loads in the pear export chain environment that have the potential to compromise the quality of the final product due to the prevalence of pathogenic species. A rich diversity of Penicillium spp. exists in the pear supply chain, similar to that reported for the litchi fruit export environments (Johnston, 2008) . However, more species were identified in the pear fruit chain (31) compared to a similar litchi chain (17). Similar species were also reported except for P. steckii and P. sumatrense which were not isolated from the pear chain. Penicillium spp.
identified in the pear chain that were not isolated from the litchi export chain are P. digitatum, P. 70% of the total species isolated in the pear chain environment. The five dominant Penicillium species are therefore considered important postharvest organisms in the pear chain and will be discussed further. Other Penicillium species identified in this study accounted for 30% of the total Penicillium population.
In this study P. glabrum was the most frequently isolated species in the pear supply chain over a four year sampling period. Johnston (2008) indicated that P. glabrum was the second most dominant isolate in the litchi export chain which supports the fact that P. glabrum is common in fresh produce indoor environments. Penicillium glabrum and P. chrysogenum are reported to be associated with the saprophytic colonisation of wounded or decaying fruit and therefore are important in the context of rot (Filtenborg et al. 1996; Bardas et al. 2009 ). Even though Penicillium spp. are not often associated with fresh vegetables, P. glabrum has been known to cause spoilage and disease of onions (Moss, 2008) , and is a common pathogen of stored grapes and pomegranates (Barkai-Golan, 2008; Bardas et al. 2009 ). The high P. glabrum prevalence detected in this study could therefore pose secondary infection risks for pears.
Penicillium chrysogenum was the second most dominant species found in the pear chain. This species is known as one of the most common representatives of its genus in indoor environments because of its ability to grow at low water activities (Filtenborg et al. 1996; Dao et al. 2008) . A study done by Beguin & Nolard (1994) , showed that P. chrysogenum was one of the most frequently isolated species obtained from walls and horizontal surfaces.
Penicillium crustosum was the third most frequently isolated Penicillium spp. in the pear supply chain. Its prominence is in contrast with the litchi fruit chain where P. crustosum was the most frequently isolated species of its genus (Johnston, 2008) . These species have been described as robust, being able to tolerate osmotic imbalances and to easily adjust to nutritionally deprived habitats (Gunde-Cimerman et al. 2003) . Several authors (Pitt, 1991; Frisvad and Samson, 2004) reported the ease of dislodging high numbers of spores from P. crustosum fruiting structures, which could explain the prevalence of this species in the pome fruit chain. Conidia of P.
crustosum are small-sized and therefore able to rapidly spread and colonise indoor surfaces such as walls, floors, ceilings, fruit bins, etc. (Sonjak et al. 2006 ). Small-sized conidia also add to the success of this species and its ability to readily occupy micro-environments and metabolise nutrients more efficiently, all contributing to its "fitness" (Sonjak et al. 2006 ). Even though P.
crustosum can cause moulds on almonds, hazelnuts, pistachios and walnuts (Varga et al. 2008) , it is a more important pathogen of pome fruit (Sanderson & Spotts, 1995; Barkai-Golan, 2008 ). An isolate of P. crustosum from the pear chain that is the subject of the current study was confirmed pathogenic to pears and apples (Louw & Korsten, 2014) . High inoculum loads increase the risk of postharvest infection of pear fruit under favorable environmental conditions.
The fourth most dominant Penicillium spp. isolated in the pear chain was P. brevicompactum.
This species is commonly isolated from house dust and is known as a degrader of fine cellulose fibres (Scott et al. 2008) . Under optimal moisture conditions house dust and various other cellulose-rich indoor materials are primary habitats for P. brevicompactum. Some indoor materials that P. brevicompactum has previously been isolated from included broadloom, painted plaster walls, gypsum wallboard paper, potted plants, and urea formaldehyde foam insulation (Scott et al. 2008) . In this study walls were often made of gypsum boards that potentially contributed to the cellulose fibre nutritional source. Louw & Korsten (2014) showed that P.
brevicompactum including an isolate from the currently studied pear chain can be a weak pathogen of pears but non-pathogenic to apples. The presence of P. brevicompactum in the pome fruit environment and its potential to cause market-end decay can impact on fruit quality at the retail level. To determine its actual importance, future studies should therefore focus on determining reasons for actual losses at the market-and retail-end and the causal agents of decay and indoor inoculum levels.
Considering the total Penicillium profile in the pear chain, 8.39% of the species identified were P. expansum. This pathogen is the most important pome fruit decay organism and is in the top five most frequently isolated Penicillium spp. in the pear chain. Its prevalence in the export chain is therefore of great importance and can directly be linked to market-end losses reported by industry. The aggressiveness of this pathogen including isolates from the currently studied pear chain was shown by Louw & Korsten (2014 Kim et al. 2005; Barkai-Golan, 2008) . Of all the pear pathogens described before, only P. aurantiogriseum was not isolated from the pear export chain. The three pathogens, P. crustosum, P. expansum and P. solitum, were isolated from all environments sampled in this study (active air, passive air, walls and floors) and were confirmed pathogenic (Louw & Korsten, 2014) . The presence of these pathogens indicates the disease causing potential in the pear export chain. Vigilant fruit handling, packhouse sanitation, well-timed fruit cooling, and correct temperature management during storage and transportation to the market are therefore essential in reducing market-end losses (Kupferman, 2003) .
Penicillium digitatum was found at less than 5% of sample prevalence in the pear chain. This pathogen has commonly been known as the causal agent of green mould on citrus. A recent study by Louw & Korsten (2014) , however, showed P. digitatum isolates including from the current pear supply chain were highly aggressive on selected pear cultivars. Studies further indicated that P. digitatum infections were more prominent in over-mature fruit (Louw & Korsten, 2014 ).
Therefore even low P. digitatum inoculum levels in a fruit re-packing environment can contribute to market-end losses. The link between inoculum load, pathogen presence and susceptible hosts being handled should be investigated. Infection is also more likely to occur at the end of the export chain since opportunities for wounding increase the more the fruit is handled and in cases of temperature abuse and when fruit is physiologically less "fit".
Penicillium digitatum is not well adapted to survive under cold temperatures and therefore effective cold chain management is essential to contain the disease (Vilanova et al. 2012 ).
Some Penicillium spp. that have been isolated at a frequency of more than one percent include P.
polonicum, P. italicum, P. bialowiezense, P. commune, P. sizovae and P. roquefortii. Most of these species are ubiquitous in the food environment and are typical indoor environmental organisms. Penicillium polonicum can cause diseases of peanuts, corn, wheat or spoilage of dried meat such as salami (Frisvad and Samson, 2004; Varga et al. 2008 ). This pathogen can also produce the mycotoxin verrucosidin (Frisvad & Samson, 2004) . Varga et al. (2008) have reported that P. biolowiezense can cause decay of brussel sprouts.
Inoculation studies by Louw & Korsten (2014) indicated that different P. expansum, P.
crustosum, P. solitum and P. digitatum isolates from both citrus and pear (the current study) chain environments did not differ significantly in terms of the lesion sizes produced when they were inoculated into pears. This finding leads to the conclusion that environmental isolates that originate from different areas (e.g. surfaces, air, other fruit sources) may cross-infect different fruit types. The risk of cross-contamination therefore exists in areas of the pear chain where various fruit types from diverse origins are received, stored and sometimes re-packed.
Conclusion
This Penicillium supply chain study provided information regarding species diversity in pear handling environments over a four year period. Penicillium glabrum, P. chrysogenum, P.
crustosum, P. brevicompactum and P. expansum were dominant species in the postharvest pear environment. Even though a high diversity of Penicillium spp. were found in the pear export chain, only a few species, namely P. crustosum, P. digitatum, P. expansum, P. solitum, and P.
brevicompactum, were confirmed to cause extensive losses as postharvest pathogens (Louw and Korsten, 2014) . Future studies should therefore focus on the link between inoculum load in the fruit handling environment, fruit surface microbiota and market-end product loss. 
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